Flowering time control is critically important to all sexually reproducing angiosperms in both natural ecological and agronomic settings. Accordingly, there is much interest in defining the genes involved in the complex flowering-time network and how these respond to natural and artificial selection, the latter often entailing transitions in day-length responses. Here we describe a candidate gene analysis in the cotton genus Gossypium, which uses homologs from the well-described Arabidopsis flowering network to bioinformatically and phylogenetically identify orthologs in the published genome sequence from G. raimondii Ulbr., one of the two model diploid progenitors of the commercially important allopolyploid cottons, G. hirsutum L. and G. barbadense L. Presence and patterns of expression were evaluated from 13 aboveground tissues related to flowering for each of the candidate genes using allopolyploid G. hirsutum as a model. Furthermore, we use a comparative context to determine copy number variability of each key gene family across 10 published angiosperm genomes. Data suggest a pattern of repeated loss of duplicates following ancient whole-genome doubling events in diverse lineages. The data presented here provide a foundation for understanding both the parallel evolution of day-length neutrality in domesticated cottons and the flowering-time network, in general, in this important crop plant.
T he switch from vegetative to reproductive growth is a fundamental process in plant biology, one that is vitally important to both plant adaptation and crop productivity (Andres and Coupland, 2012; Blackman et al., 2011; Flowers et al., 2009; Franks et al., 2007; Levin, 2009; Olsen and Wendel, 2013a; Parmesan and Yohe, 2003; Pires et al., 2004; Purugganan and Fuller, 2009 ). Ecologically, the time to flower facilitates reproductive success as well as reproductive isolation (Andres and Coupland, 2012; Flowers et al., 2009; Friedman and Willis, 2013; Levin, 2009 ). Synchronous and climate-appropriate time to flowering is also critically important to crop plant productivity, thereby making the genes in the flowering-time network unsurprisingly frequent targets of human-mediated selection during domestication and crop improvement (Olsen and Wendel, 2013a,b) . Recent reports suggest that flowering time may be influenced by global climate change (Franks et al., 2007; Hoffmann and Sgro, 2011; Parmesan and Yohe, 2003) , and, notably, this includes crop plants (Craufurd and Wheeler, 2009) . Because floral timing is such an important phenological trait for wild and domesticated plants, the genes involved in controlling flowering time have generated much interest for decades.
The suite of genes required for the transition to flowering is best described in Arabidopsis thaliana (L.) Heynh., where it represents one of the best-characterized functional networks (Flowers et al., 2009 ). Approximately 90 genes comprise the A. thaliana flowering-time network, many of which exist in small multigene families (e.g., agamous-like, phytochrome, etc.) . While the conditions that stimulate floral initiation in A. thaliana (e.g., day-length and vernalization requirements) are not uniform among plants, many of the genes involved in floral initiation have homologs in diverse plant species (Andres and Coupland, 2012) . Flowering locus T (FT), for example, which encodes a transmissible protein once referred to as the missing hormone florigen, is perhaps the most broadly evaluated gene in the network, having homologs that have been identified in rice (Oryza sativa L.) (Kojima et al., 2002) , wheat (Triticum aestivum L.) (Yan et al., 2006) , barley (Hordeum vulgare L.) (Faure et al., 2007) , cucurbits (Curcurbita spp.) (Lin et al., 2007) , sugarbeet (Beta vulgaris L. subsp. vulgaris) (Pin et al., 2010) , sunflower (Helianthus annuus L.) (Blackman, 2013) , spruce [Picea abies (L.) Karst.] (Gyllenstrand et al., 2007) , pea (Pisum sativum L.) , chrysanthemum [Leucanthemum maximum (Ramond) DC.] (Oda et al., 2012) , Medicago (Medicago truncatula Gaertn.) , and many others.
Recently, the first reference genome sequence for the cotton genus, Gossypium, was published (Paterson et al., 2012) , providing the means to bioinformatically identify candidate orthologs for the flowering-time network in cotton. Domesticated cotton species, like many important cultivated species, experienced agronomically crucial shifts to day-neutral flowering (McCarty et al., 1998) as a result of domestication and human selection for environments that differ from those experienced by the wild progenitors, which require short days for both diploids and polyploids. In the case of the most important of the cultivated cotton species, G. barbadense and G. hirsutum, this shift happened independently in the two domesticates. While the genes targeted by human selection in this parallel domestication are unknown, previous genetic analyses and quantitative trait loci (QTL) mapping studies suggest that the transition to day-neutral flowering involved multiple genes (Guo et al., 2008 (Guo et al., , 2009 Kohel and Richmond, 1962; Lewis and Richmond, 1960) , some of which may have had a large effect on photoperiod sensitivity (Guo et al., 2008 (Guo et al., , 2009 Hao et al., 2008; Kohel and Richmond, 1962; Lewis and Richmond, 1960; Zhu and Kuraparthy, 2014) , and the identities of which may differ between the two domesticates (Guo et al., 2008; Lewis and Richmond, 1960) .
The genetic diversity present in wild and landrace accessions of Gossypium species provide an excellent resource for reducing the genetic susceptibility of domesticated cotton to pests and pathogens (Campbell et al., 2010; Guo et al., 2008) as well as other desirable traits; however, the presence of photoperiod sensitivity in these accessions hampers their effective use in breeding programs (Zhu and Kuraparthy, 2014) . Despite the agronomic importance of understanding the floweringtime network to breeding, little is known regarding the identities and copy numbers of cotton genes involved in flowering time in cotton, apart from the identification of Gossypium orthologs of few individual genes (Li et al., 2013; Wang et al., 2014) and the phytochrome gene family (Abdurakhmonov et al., 2010) . The most complete analysis of flowering time in Gossypium to date is a recent QTL-based analysis that identified the locus of major effect in G. barbadense that was previously observed and identified the chromosomes on which the major flowering time genes affecting day-length neutrality reside (Zhu and Kuraparthy, 2014) .
Here we present a complementary view of the flowering-time network in Gossypium, bioinformatically identifying 140 homologs of 82 Arabidopsis flowering time-related genes (out of the 92 surveyed). Using a combination of OrthoMCL and phylogenetic analyses, we disentangle members of the commonly observed multigene families found in this complex network. Furthermore, we confirm expression of the cotton genes in wild G. hirsutum using tissues relevant to flowering, thereby providing a foundation for further research into the genes involved in floral initiation and day-length neutrality in Gossypium. Additionally, since copy number variability by itself may have consequences for flowering time (Blackman, 2013; Harig et al., 2012; Pin et al., 2010) , we compare copy numbers of the flowering time genes in Gossypium to those found in nine other flowering plants with sequenced genomes and varying degrees of historical genome duplication, to provide a first glimpse into understanding gene recruitment and loss in this key angiosperm regulatory network.
Materials and Methods

Bioinformatic Inference of Putative Flowering Time Genes in G. raimondii
Arabidopsis thaliana represents the genome with the most complete functional validation of the various components of the flowering-time network. As such, we used Arabidopsis as a model for Gossypium. To do this we first mined from the literature the genes comprising the flowering-time network in A. thaliana (Andres and Coupland, 2012; Ehrenreich et al., 2009; Flowers et al., 2009) and from the NCBI Gene database (Maglott et al., 2011) . A compiled list of 92 genes was generated ( Fig. 1 ; Supplemental Table S1 ) and used for subsequent analyses.
Complete proteomes were downloaded from Phytozome (Goodstein et al., 2012) for the following species: A. thaliana, Brassica rapa L., Glycine max (L.) Merr., Gossypium raimondii Ulbr., Malus domestica, M. truncatula, Populus trichocarpa Torr. & A. Gray, Solanum lycopersicum L., Theobroma cacao L., and Vitis vinifera L. OrthoMCL (Li et al., 2003) was used to create orthogroups among these 10 species using the recommended settings and an E-value of 1  10 −30 . Orthogroups containing the Arabidopsis flowering time genes were extracted from the output as were the Gossypium proteins contained within those orthogroups.
For orthogroups that contained more than one Arabidopsis flowering time gene, and for any Arabidopsis proteins not associated with a Gossypium protein, we employed a combination of BLAST (Altschul et al., 1997) and phylogenetics to search for potential homologs. Briefly, the compiled database of A. thaliana flowering time proteins was used as a query against the G. raimondii genome predicted peptides (Paterson et al., 2012) with a stringent E-value (E-value  1  10 −30 ), to recover putative homologs. This process was repeated for the remaining proteomes (see above) and for the nonredundant (nr) BLAST database to recover possible homologs from other closely related species, which could aid in phylogenetic analyses (see below). Candidate genes, both from the G. raimondii genome sequence and from the nr database, were concatenated with the original queries into , and the literature, and the sequences were recovered from NCBI Gene. The genes are pictorially divided into five categories based on their function in Arabidopsis: (i) photoperiod (green), which includes both the light-sensing and circadian rhythm components; (ii) vernalization (blue); (iii) autonomous regulators (purple); (iv) gibberellic acid signaling (yellow); and (v) integrators and downstream genes (mixed), including those genes that promote and inhibit flowering and those that induce flowering. While these genes are depicted as belonging to discrete components of the flowering time pathway, the actual relationships are far more complex.
single FASTA files representing one Arabidopsis locus and all related hits. Genes belonging to closely related families (e.g., phytochrome A-E), were also concatenated into a single FASTA file for subsequent phylogenetic analyses.
Phylogenetic Assessment of Cotton Flowering Time Candidates
Sequences were aligned using MUSCLE (Edgar, 2004) and then used both in distance and Bayesian phylogenetic analyses. Neighbor-joining distance trees were generated, both including and excluding gapped characters, using clustalw version 2.1 (Larkin et al., 2007) . Bayesian analyses were conducted with MrBayes version 3.1.2 (Ronquist and Huelsenbeck, 2003) with the following parameters:  distribution of sequence evolution, three runs with four chains for 100,000 generations, and a burn-in fraction of 25%.
Expression Confirmation of Flowering Time Candidates
RNA sequencing (RNA-seq) data were generated for photoperiod sensitive G. hirsutum race Yucatenense (grown under inductive conditions) as follows: three biological replicates each of (1) apical meristem; (2) square or immature bud; (3) 3 d post square (dps); (4) 6 dps; (5) −14 d post anthesis (dpa) bud; (6) −9 dpa bud; (7) −4 dpa bud; (8) flower (0 dpa); (9) first leaf subtending apical meristem; (10) second leaf subtending apical meristem; (11) third leaf subtending apical meristem; (12) apical meristem of nonflowering branch; and (13) first leaf subtending the apical meristem of the nonflowering branch. RNA was extracted from young leaves using the Spectrum Total RNA Plant Kit (Sigma-Aldrich) and submitted to the Iowa State University DNA Facility for Illumina library construction and sequencing. The libraries were constructed via the Illumina TruSeq kit (Illumina) and sequenced on a HiSeq2000 using 100 bp single-end sequencing.
Subsequent reads were quality trimmed using sickle (Joshi and Fass, 2011) under default settings, and mapped to the G. raimondii reference using GSNAP (Wu and Nacu, 2010) in combination with a G. hirsutum-specific SNP database, which permits equivalent mapping efficiency of both homeologs (Page et al., 2013 (Page et al., , 2014 . Raw read counts for both homeologs combined were TMM normalized (as per EdgeR; Zhou et al., 2014) and visualized using custom R scripts.
Results and Discussion
Identification of Flowering Time Candidate Genes in Gossypium
A total of 140 homologous proteins were detected in Gossypium, corresponding to 82 of the 92 Arabidopsis-based queries (Table 1) . With the exception of CCA1, the 10 proteins not detected by either method were members of multigene families that contain paralogs within the flowering-time network itself (e.g., VEL2 and VEL3 = paralogs of VEL1, RGA1 = RGA2 paralog, etc.). Over 40% Table 1 . Gossypium homologs of the Arabidopsis flowering-time network queries mined from the NCBI Gene database. Unless otherwise noted, copy number and homolog identities were determined by OrthoMCL.
Alias
Arabidopsis locus
Gossypium copy number
Gossypium copies
Alias
Gossypium copy number
Gossypium copies Gorai.004G027400, Gorai.009G004400 3 † 1 = Arabidopsis queries that returned no cotton homologs by either OrthoMCL or BLAST + phylogenetics (see methods); 2 = Gossypium homologs not predicted by OrthoMCL, and recovered through BLAST + phylogenetics; 3 = Gene families that overlapped via OrthoMCL that were further refined via BLAST + phylogenetics. These families include CRY1/CRY2, FKF1/ZTL, PHYA/B/C/D/E, GAI/ RGA1/RGL1/RGL2, SMZ/SNZ, and TEM1/TEM2. In three cases (PHYB/PHYD, SMZ/SNZ, and TEM1/ TEM2), the cotton copies persistently associated with both Arabidopsis queries; therefore, the cotton copies are listed once under the first member of the pair. ‡ Gossypium genes that were not expressed in the tissues surveyed.
of the queries matched a single Gossypium homolog (37 out of 92), which represents the most common association between the Arabidopsis-based queries and the predicted Gossypium proteome (1:1). Copy numbers in Gossypium ranged from zero to seven, making the average ratio of Gossypium/Arabidopsis proteins ~1.5:1 (Table 1) . Thirty-five flowering time queries produced either no hits (19 queries) or grouped more than one Arabidopsis query into a single orthologous group (16 queries; Table 1) . For those 35 genes, we used the second approach (BLAST and phylogenetic inference, see methods) to discover potentially missed homologs and disentangle multigene families into their phylogenetically informed homologous relationships. BLAST and phylogeneticbased analyses of the 19 flowering time queries not detected via OrthoMCL recovered Gossypium homologs for eight additional flowering time genes (Table  1) , while eight continued to show no evidence for homologous sequence within the cotton genome and the remaining three were included in the analysis of multigene families. Analysis of the multigene families (Table 1) fully resolved four of the seven gene families (GAI/RGA/RGL1/2, FKF1/ZTL, FRL1/2, and CRY1/2) and provided near complete resolution of the phytochrome gene family; Gorai.011G200200 was associated with both phytochromes B and D equally, representing a subsequent duplication in the Brassicaceae (Glover, 2014) . The same observation was made for the SMZ/SNZ flowering time queries, as well as the TEM1/TEM2 genes (Table 1 ). In all three cases, the Gossypium genes associated with each family retain the name of both members.
Gossypium flowering time homologs were found distributed on all 13 chromosomes of G. raimondii (Fig. 2) , ranging from two genes per chromosome (Chr 12) to 19 genes (Chr 9). In many cases (e.g., Chr 1, Chr 6, etc.), the distribution of floweringtime-related genes cluster on a chromosome, but in no case is this obviously related to different functional components of the flowering-time network. Small clusters of two to three genes exist for the two most abundant groups (circadian clock-related and vernalization-related), yet both groups have members on nearly every chromosome. Furthermore, while some gene duplications are likely the product of local duplications (e.g., ELF3, Chr 1; LHY, Chr 8), many paralogs are dispersed across the genome. CUL1, for example, has seven paralogs distributed over six chromosomes and EBS has four paralogs distributed over the same number of chromosomes (Fig. 2) . Some of these paralogs may be derived from ancient polyploidization events (Paterson et al., 2012) , although little is known about the retention of flowering-time-related genes after genome duplication (Martin and Husband, 2012; Jung et al., 2012) .
The copy number variability present had no substantial bias toward one part of the network vs. Gossypium flowering time homologs were plotted using MapChart (Voorrips, 2002) and were color-coded according to Fig. 1 (photoperiod = green, vernalization = blue, autonomous = purple, and gibberellic acid signaling = yellow) with the exception of the integrators and downstream genes, which were color-coded red here. another; that is, the network component pathways (e.g., circadian clock pathway, vernalization pathway) all had similar means, medians, and modes for the genes surveyed (between 1 and 2, in all cases). A slight bias may exist toward retaining one versus two copies of a gene; however, comparative data and coexpression analyses among cotton species (including current allopolyploid species) is necessary to provide confidence in assessing copy number biases in a pathway context for the flowering-time network. Flowering Locus T (Table 1) , which can act antagonistically in multiple copies (Blackman, 2013; Harig et al., 2012; Pin et al., 2010) , was detected here as single copy in cotton; however, paralogs were identified in many of the genes identified (Table 1) , the consequences of which will need to be further explored to gauge their effects on flowering in Gossypium. It does bear noting that a limitation of this bioinformatic approach may be that only the most closely related paralogs are readily identified; therefore, the identities and copy numbers presented here represent those paralogs most similar to Arabidopsis. Further in-depth analyses are required to fully understand the extent of paralogy and its consequences in this complicated network.
Expression Confirmation of Candidate Homologs
The identification of genes related to flowering time by sequence-based homology alone is not sufficient to determine the functioning of the gene in floral initiation and development. Confirmation of function in the floweringtime network requires assays beyond the scope of the present (e.g., coexpression networks of multiple phenotypes, functional assays, etc.); however, to determine whether these bioinformatically identified homologs are used in tissues involved in floral initiation and development (indicating the possibility for function), we evaluated the expression of all homologs via RNA-seq in 13 different tissue stages of wild, photoperiod sensitive G. hirsutum (Unpublished data, 2014) . The tissues selected represent those most likely to contain expression of flowering-timerelated genes: leaves, meristems, whole flowers, and six intermediate floral development stages (see methods).
Nearly all of the 140 candidate genes were expressed in at least one tissue-time point, with the exception of five genes. For BFT, CUL1, FPF1, PhyA, and TEM1/TEM2, expression for one of the multiple identified homologs was not detected in any tissue-time point (Table 1; homolog name denoted with symbol ‡). Each of these genes has at least one closely related paralog (of the same name) that could compensate for the lack in expression and provide a function similar to that described in Arabidopsis. That these paralogs are not expressed in the tissues surveyed may indicate that they are (i) not functional (pseudogenized or repressed), (ii) not used in floral initiation and development, or (iii) expressed at a relatively low level.
Expression was detected for all of the remaining 135 genes, and, as expected, variability in expression patterns were detected for each gene both (i) across tissue stages and (ii) among paralogs. Notably, the expression variability observed among paralogs did not appear to be stochastic ( Fig. 3) . Whereas some genes (e.g., HUA2; Fig. 3 ) contained predicted paralogs with similar expression levels and patterns across tissues, others (e.g., ELF4, APF2, ELF4, and many others; Fig. 3 ) displayed differences in either expression levels or patterns or both. The full range in expression patterns observed among paralogs was extensive and complex and, while beyond the scope of the present, further underscores the necessity for rigorous exploration of copy number and paralog usage in this complex.
Comparison of Flowering Time Gene Copy Numbers in Other Angiosperms
Differences in gene copy number have had demonstrable effects on the timing of flowering. Increases or decreases in the number of paralogs for a given gene can have consequences for gene expression, stoichiometric balance, and genic interactions, as demonstrated by FT in several species (Blackman, 2013; Blackman et al., 2011; Harig et al., 2012; Pin et al., 2010) and FRIGIDA in Arabidopsis (Lovell et al., 2013) . Considering the significance of flowering time to biology and the effects of copy number variation on this complex trait, it is interesting to compare copy number differences among diverse angiosperms for which annotated genomes are available.
Toward this end, we evaluated the OrthoMCL-generated orthogroups from 10 different species (including Gossypium, see methods) to determine copy number variation in each orthogroup based on a single Arabidopsis flowering time locus ( Fig. 1 ; Supplemental Table S1 ). On a per-locus basis, the range in copy number for a given orthogroup spanned zero to nine copies, with more than half averaging between one and two copies per species (Table 2) , although the strict nature of the analysis may only recover the closest orthologs for each gene. Conversely, however, several of the Arabidopsis query loci appeared in the same orthogroup (e.g., all phytochromes, RGA1/RGL1/RGL2/GAI, etc.), raising the prospect that some interpretation of large copy numbers may represent lumped paralogs. For this reason, we have included only the orthogroup results generated here for comparison among species with the understanding that this serves to improve consistency across these species at the expense of other, more in-depth analyses of individual genes for these taxa.
Six of the 92 original Arabidopsis queries (SNZ, SPA1, TOE1, TSF, VEL2, and VEL3) were not represented in any of the orthogroups, indicating a lack of presence or conservation in the other species surveyed. These possibilities are also indicated for FLC, whose orthogroup consisted solely of Arabidopsis transcript variants for the FLC locus (Table 2) ; previous attempts at characterizing FLC in taxa outside of the Brassicales have had limited success, either due to loss or rapid sequence divergence (Andres and Coupland, 2012) , although their presence in broad taxa has recently been recognized (Ruelens et al., 2013) . Of the remaining 85 loci, 11 were found in Arabidopsis/Brassica only, typically at a 1:1 ratio, indicating that these loci may either be Brassicales specific or that they are less conserved across orders.
The data presented here indicate that flowering-timerelated genes typically are retained in one to two copies, irrespective of the number of paleopolyploidizations experienced by that lineage (Fig. 4) . Of the 74 loci found outside of the Brassicales, nearly half (29) were present in a maximum of two copies per genome, which may suggest copy number conservation for these loci among the diverse angiosperms surveyed (Table 2 ). Further analysis is needed to explore the notion suggested by these observations, that is, that selection repeatedly has operated in different lineages to prune excess gene copies subsequent to whole genome doubling events, perhaps because of disruptive pleiotropic effects in integrated networks or disturbances to gene balance (Birchler and Veitia, 2014) .
Fifteen of the 48 remaining loci are members of the multigene families outlined above that contain more than one Arabidopsis-based query, and, therefore, the copy numbers associated with those genes are likely inflated. Even considering this proviso, there appears to be copy number variation in these multigene families among species. For example, the phytochrome family ranges in copy number from three to eight members for the five family members sampled here. As phytochromes operate primarily in the circadian clock or photoperiod part of the network, variability in copy number may influence downstream genes (e.g., CO and FT) and have cascading effects throughout the rest of the network.
Variation in copy number was seen for many other loci as well; CUL1, for example, varies in copy number from one identified copy in M. truncatula to nine copies in B. rapa. CUL1 also had the largest mean copy number (aside from the phytochrome gene family), with three copies identified in A. thaliana. The recovery of multiple copies in the A. thaliana orthogroup, as well as the large copy numbers obtained by several of the surveyed genomes (G. raimondii, B. rapa, G. max, M. domestica, S. lycopersicum) , may indicate that this family has been subject to copy number changes during the radiation of these angiosperm groups. In addition, expression analyses of the cotton CUL1 paralogs (Fig. 3) indicate that not all paralogs may be active in the leaf, meristem, and developing floral tissues sampled. CUL1 operates in both the gibberellic acid (Wang et al., 2009) and circadian rhythm (Harmon et al., 2008) parts of the flowering-time network, either of which could be affected by copy number and expression changes. Fluctuations in copy number and expression of this and other genes over angiosperm evolution represents an interesting approach for exploring the functional consequences variation in this complex network. A deeper understanding of network architecture and functional constraint are likely to emerge in the next few years as more data are generated on copy number variation, whole-genome duplication history, and patterns of gene retention and function. Figure 4 . Relationships among the 10 lineages surveyed and inferred polyploidization events. Light blue diamonds denote inferred tetraploidization events, while dark blue diamonds represent inferred hexaploidizations (Paterson, et al. 2012; De Smet, et al. 2013 ). PFT1  1  2  2  1  2  1  2  2  1  1  1  2  1.6  2  2  PHYA  5  5  5  4  8  3  8  3  4  5  3  8  5.0  5  5  PHYB  5  5  5  4  8  3  8  3  4  5  3  8  5.0  5  5  PHYC  5  5  5  4  8  3  8  3  4  5  3  8  5.0  5  5  PHYD  5  5  5  4  8  3  8  3  4  5  3  8  5.0  5  5  PHYE  5  5  5  4  8  3  8  3  4  5  3 
